Using artificial light data measured from satellites has the potential to change research methods in geography and urban planning. The Defense Meteorological Satellite Program Optical Linescan System (DMSP-OLS) night-time light datasets provided consistent and valuable data sources for investigating urbanization processes. This study intends to empirically investigate the relationship between night-time lights, population, and urban development patterns. A novel protocol was developed to integrate heterogeneous datasets into a standardized unit of analysis. Multivariate mixed-effects models were applied to detect correlations within and between provinces in South Korea. To capture physical variations of urban development, four landscape metrics were used and tested in the analyses. Diminishing returns of night-time lights to population were found in all models. In single landscape metric models, all coefficients of landscape metrics were positively related to night-time lights. In combination models, the aggregation index (AI) was no longer statistically significant. The protocol developed in this study provides an effective way to create analytical units for integrating heterogeneous forms of data. Creating standardized units of analyses will make it possible for researchers to compare their results with other studies. Landscape metrics used in this study for capturing the composition and configuration of urban development patterns will enrich the discussion in the future.
Introduction
One of the main features characterizing urban areas is artificial lights from buildings, transportation facilities, and other infrastructure [1] . The Defense Meteorological Satellite Program Optical Linescan System (DMSP-OLS) night-time lights dataset provides consistent and valuable data sources for investigating urbanization processes [2] . The night-time light data has been deployed to identify various types of urban dynamics, including population size [3] [4] [5] [6] [7] , population density [8] , energy consumption and greenhouse gas emission [9, 10] , light pollution [11] , disasters [12, 13] , and built environments [14, 15] . Although the data have offered a unique opportunity to characterize urbanization with various perspectives, the data have been mainly used as a proxy for economic activity such as regional gross domestic product in previous studies [3, [16] [17] [18] [19] [20] [21] [22] . In particular, the historical archive of night-time light data will provide a valuable time-series that could be used to investigate the temporal characteristics of economic development where obtaining accurate metrics on the economy at regular intervals is difficult, including in underdeveloped countries.
Urbanization typologies have mostly been based on population measures [23] . Urban scaling laws, or characteristics of cities related to city size, have been used to investigate the quantitative variation of cities' characteristics during the past decade [24] [25] [26] [27] . A strong association between city size and economic productivity seems to be a fundamental characteristic of modern urban economics [28] . Previous studies showed that larger urban agglomerations are more innovative and productive [29] [30] [31] [32] and that population size is a primary factor in determining the intensity of economic activity in urban areas [26, 33] . In this study, the association between night-time lights as a proxy for economic activity and city size was carefully investigated with scaling functions and disaggregated population data. In addition to demographic change, physical transformation of the landscape is a major characteristic of urbanization [34] . Many previous studies have been conducted to investigate landscape changes using remote sensing techniques and GIS data [35] [36] [37] . They found that human activities are significantly related to urban environments [34, 38] . In our study, land cover data from the Land Cover Map (LCM, 2010) were used in the analysis to detect urban development patterns. Specifically, several landscape metrics were applied to quantify these patterns.
This study investigates the relationship between night-time lights, population, and urban development patterns. Our study differs from previous research in two aspects. First, many studies have attempted to examine the association between night-time lights and urban characteristics based on a spatial extent of the city [9, 15, 16, 21] . In many cases, the unit of analysis used in the study was an administrative boundary of the city. However, since definitions of cities and methods to delineate the boundary of city are not consistent across regions and countries, comparisons of model results for estimating the association between night-time lights and urban characteristics were limited. We developed a unique protocol to integrate night-time lights, population, and urban development pattern datasets into a standardized unit of analysis. We applied multivariate mixed-effects models to reflect correlations within and between provinces in South Korea. Secondly, although studies have examined the relationship between night-time lights and physical transformation of the city [2, 39] , quantitative measures used to identify urban development patterns were limited. To capture physical variations of urban development, we tested several landscape metrics. With clear and replicable processes for modeling night-time lights, researchers could better understand and compare the characteristics of urbanization.
Materials and Methods

Data Sources and Measurement
Night-Time Lights
The outcome of this study was DMSP-OLS stable night-time light data in 2010. The data were obtained from the National Centers for Environmental Information (NCEI) of the National Oceanic and Atmospheric Administration (NOAA); version 4 DMSP-OLS Nighttime Lights Time Series (downloaded on 25 November 2017). The original data were collected by the US Air Force Weather Agency. The raw data were produced based on 30 arcsec grids spanning −180 • to 180 • longitude, and −65 • to 75 • latitude. Sunlight and glare data were excluded based on the solar elevation angle. Moonlight data were excluded based on lunar illuminance calculation. Lighting features from the aurora were removed in the northern hemisphere on an orbit-by-orbit manner by visual inspection. Ephemeral events such as fires and observations with clouds were also excluded. These processes were conducted by NOAA's National Geophysical Data Center. The data provided grid-cell based annual composite night-time light values (ranging from 1 to 63) from cities, towns and other sites with persistent lighting. Since the data values have a cap (value = 63), they were often saturated in the center of city areas. Spatial patterns of night-time light data are shown in 
Population
Population data were used as a predictor for estimating night-time lights in statistical models and were obtained from the Korean Statistical Information Service (KOSIS, 2010). Corresponding GIS boundary data were collected from the Statistical Geographic Information Service (SGIS, 2010). Two datasets were merged based on a common identifier at the neighborhood-level administrative unit (eup-myeon-dong). Area-weighted population values were calculated by intersecting administrative GIS layers with grid pattern polygon vectors (856 m × 856 m).
Landscape Metrics
Four landscape metrics were used to identify spatial patterns of the developed area and land cover diversity (Table 1) . First, percentage of landscape (PLAND) represents the proportion of the landscape occupied by a certain land cover type (Equation (1)). Since the developed area from land cover data was used as an input for calculating landscape metrics, the PLAND was closely associated with the size of the city. Secondly, aggregation index (AI) indicates the level of concentration of developed land. The AI is the number of like adjacencies involving the corresponding land cover type, divided by the maximum possible number of like adjacencies involving the corresponding land cover type (Equation (2)). Thirdly, fractal dimension index (FRAC) was used to detect the level of 
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Landscape Metrics
Four landscape metrics were used to identify spatial patterns of the developed area and land cover diversity (Table 1) . First, percentage of landscape (PLAND) represents the proportion of the landscape occupied by a certain land cover type (Equation (1)). Since the developed area from land cover data was used as an input for calculating landscape metrics, the PLAND was closely associated with the size of the city. Secondly, aggregation index (AI) indicates the level of concentration of developed land. The AI is the number of like adjacencies involving the corresponding land cover type, divided by the maximum possible number of like adjacencies involving the corresponding land cover type (Equation (2)). Thirdly, fractal dimension index (FRAC) was used to detect the level of land shape irregularity. A FRAC greater than 1 indicates a departure from Euclidean geometry, which means an increase in shape complexity (Equation (3)). Lastly, Shannon's diversity index (SHDI) was calculated to measure the level of land cover diversity. The SHDI increases as the number of different land cover types increases (Equation (4)) [40, 41] . Table 1 . Landscape metric equations used to detect spatial patterns of urbanization.
Metrics Equation
Percentage of landscape
t ii = number of like adjacencies between grid cells of land cover type i max → t ii = max number of like adjacencies between grid cells of land cover type i
s ij = perimeter of land cover grid ij, d ij = area of land cover grid ij
H i = proportion of the landscape occupied by land cover type i Landscape metrics were computed with moving window analyses. Figure 2 shows the process that turns the land cover data into landscape metrics (Figure 2a ). A Euclidean local window (search radius = 100 m) was first created from each raster cell to capture locational characteristics. Then, the value of the landscape metric from each local window was returned to the focal cell ( Figure 2b ). The output of the moving window analysis is not a single scalar representing the overall landscape, but new grid cells where each cell value indicates the spatial structure around the focal cell. So, it shows how a particular aspect of landscape structure varies over the study area [42] . We conducted an extensive series of moving window analyses for PLAND, AI, FRAC, and SHDI on the land cover raster map of the South Korea. land shape irregularity. A FRAC greater than 1 indicates a departure from Euclidean geometry, which means an increase in shape complexity (Equation (3)). Lastly, Shannon's diversity index (SHDI) was calculated to measure the level of land cover diversity. The SHDI increases as the number of different land cover types increases (Equation (4)) [40, 41] . Table 1 . Landscape metric equations used to detect spatial patterns of urbanization.
Percentage of landscape (0 ≤ PLAND ≤ 100)
tii = number of like adjacencies between grid cells of land cover type i max → tii = max number of like adjacencies between grid cells of land cover type i Landscape metrics were computed with moving window analyses. Figure 2 shows the process that turns the land cover data into landscape metrics (Figure 2a ). A Euclidean local window (search radius = 100 m) was first created from each raster cell to capture locational characteristics. Then, the value of the landscape metric from each local window was returned to the focal cell ( Figure 2b ). The output of the moving window analysis is not a single scalar representing the overall landscape, but new grid cells where each cell value indicates the spatial structure around the focal cell. So, it shows how a particular aspect of landscape structure varies over the study area [42] . We conducted an extensive series of moving window analyses for PLAND, AI, FRAC, and SHDI on the land cover raster map of the South Korea. The primary purpose of calculating landscape metrics was to quantify the amount and distribution of land cover patch types in the study areas. Urban development is a landscape-level process where cities are progressively subdivided into smaller and geometrically more complex fragments as a result of human land use activities. Figure 3 depicts examples of four landscape metrics that differ in the amount and spatial pattern of developed areas. First, the PLAND represents the proportion of landscape occupied by developed areas. Figure 3a1 (PLAND = 89) had ten times as much large developed areas as Figure 3a3 (PLAND = 9) within the same spatial extent. Secondly, the AI shows the level of concentration of developed areas. Most developments were concentrated on half of the spatial extent in Figure 3b1 (AI = 91.4) . In contrast, a low level of concentration was observed in Figure 3b3 (AI = 23.5). Next, FRAC was calculated for each case to identify the level of land shape irregularity. Even though the proportions of developed areas are similar in three cases (Figure 3c1-c3) , the values of FRAC differ in each case because the FRAC reflects shape complexity across a range of spatial scales.
Lastly, examples of SHDI were visualized in the final panels (Figure 3d1-d3) . The SHDI is one of the most popular indices used in community ecology [43] . The value of SHDI indicates the amount of information per each land cover patch. Since the absolute magnitude of SHDI is not meaningful, this measure has been used as a relative index for comparing different landscapes. More diverse areas showed higher values of SHDI (Figure 3d1 ; SHDI = 1.491).
Study Design
A cross-sectional analysis was applied to estimate the relationship between population, urban development patterns and night-time light within the boundary of South Korea. The population size of South Korea is 51.5 million (KOSIS, 2018). Of this population, 49.7% (25.6 million) lives in the Seoul metropolitan area, one of the largest metropolises in the world [44] . There are seventeen provincial-level divisions in South Korea including the city of Seoul, the capital city of the country (population: 10.3 million). Approximately 70% of the economic and industrial activities in South Korea are located in a corridor between Seoul in the north-west and Busan in the south-east [45] .
A unique protocol was developed to process extensive spatial data. Three publicly accessible datasets were used in the protocol: population vector data, night-time light raster data, and country-wide land cover raster data. Since these datasets had different formats, projections, and resolutions, a new grid of polygon cells was created to integrate and process all datasets in a master table. One record in the master dataset represents a grid cell (856 m × 856 m; same size with the vectorized night-time light grid) with corresponding night-time light value, weighted population size, and four landscape metrics. Detailed methods and descriptions for each step are presented in Figure 4 .
Statistial Analyses
Multivariate mixed-effects regression models were applied to estimate the coefficients with 95% confidence intervals (CIs) for the relationship between night-time lights, population, and landscape metrics. Grid cells (856 m × 856 m) were used as a unit of analysis. Since all grid cells were clustered within provinces, the random effect components of the regression models accounted for the correlation within and between grid cells and clusters. We applied random intercept models in the analysis as follows:
where Y is the night-time light value, i represents an individual grid cell, j indicates a cluster, β 0 is the intercept, β p is a regression coefficient corresponding to p predictor variable x pij and U j is a random effect for the jth cluster. β 0 + U j is the random intercept for the jth cluster. R ij is a random error. This model assumes that the set of U j , set of R ij , and covariates x pij are mutually independent. All variables were log-transformed. 
Results
Nine multivariate models were estimated to identify the relationship between night-time light, population, and landscape metrics. Given the nested data structure of grid cells within provinces, mixed-effects regression models were applied to account for the correlation between observations in the same province. Four single landscape metrics models (models 1 to 4) and five combination models (models 5 to 9) were presented as final outcomes in Table 2 . The population was included in all models to test the urban scaling relationship. Each landscape metric was first estimated in single landscape metric models. The combination models further captured associations between night-time light and complex landscape characteristics by testing multiple landscape metrics in each model. Since PLAND and FRAC exhibited a strong correlation, models including both metrics were excluded to avoid the possible multicollinearity. The Akaike Information Criteria (AIC) and Bayesian Information Criteria (BIC) were computed and compared to detect the best-fit model. AIC and BIC values indicated that model 2 including AI is the best supported model from four single landscape metric analyses. Models 5, 7, and 8 had the lowest AIC and BIC for two variable models. All three models included AI. The protocol for processing three spatial datasets. Vector grid cells (856 m × 856 m) were created to integrate different types of data. Most data management procedures were conducted in ArcGIS. Landscape metrics were calculated in FRAGSTATS using moving window techniques. Statistical modeling procedures were conducted in R. KOSIS denotes Korean Statistical Information Service, SGIS denotes Statistical Geographic Information Service, NOAA denotes National Oceanic and Atmospheric Administration, and EGIS denotes Environmental Geographic Information Service.
Nine multivariate models were estimated to identify the relationship between night-time light, population, and landscape metrics. Given the nested data structure of grid cells within provinces, mixed-effects regression models were applied to account for the correlation between observations in the same province. Four single landscape metrics models (models 1 to 4) and five combination models (models 5 to 9) were presented as final outcomes in Table 2 . The population was included in all models to test the urban scaling relationship. Each landscape metric was first estimated in single landscape metric models. The combination models further captured associations between night-time light and complex landscape characteristics by testing multiple landscape metrics in each model. Since PLAND and FRAC exhibited a strong correlation, models including both metrics were excluded to avoid the possible multicollinearity. The Akaike Information Criteria (AIC) and Bayesian Information Criteria (BIC) were computed and compared to detect the best-fit model. AIC and BIC values indicated that model 2 including AI is the best supported model from four single landscape metric analyses. Models 5, 7, and 8 had the lowest AIC and BIC for two variable models. All three models included AI. Table 2 . Multivariate mixed-effects regression models for estimating night-time lights. Models with one landscape metric (models 1-4) and two landscape metrics (models 5-9) were estimated with 95% confidence intervals (CIs).
Night−Time Light Mixed−Effects Regression Models Predictors
(1) (2) (3) (4) (5) (6) (7) (8) (9) The population coefficients can be interpreted in the context of urban scaling. As night-time light (response variable) and population (predictor) data were both log-transformed, each population coefficient indicates three different urban scaling scenarios based on its magnitude. First, if the coefficient is smaller than 1 (β < 1), it means that a 1% increase in the population would result in less than a 1% night-time light increase. Secondly, if the coefficient is greater than 1 (β > 1), it represents a super-linear relationship that shows increasing returns of night-time light: a 1% increase in the population would lead to more than a 1% increase in night-time light. Lastly, if the coefficient equals 1 (β = 1), it indicates a relationship where the night-time lights proportionally increase/decrease with the changes in population. The coefficients of population in all models were positively related to night-time light and showed sub-linear relationships. In single landscape metric models, all coefficient values were around 0.38 with robust confidence intervals except for model 4 which included SHDI. However, a diminishing return relationship of night-time lights to population was found in all models.
The coefficients of landscape metrics indicate the effects of various urban development patterns on night-time lights. Basically, the magnitude of each landscape metric coefficient can be interpreted in the same way as the coefficients of population were interpreted. In single landscape metric models, all coefficients of landscape metrics were positively related to the night-time lights. Each landscape metric represents the size, level of concentration, irregularity, and diversity of the study area: a 1% increase in PLAND, AI, FRAC and SHDI would result in a 0.1%, 0.005%, 4.79% and 0.15% increase in night-time light, respectively. Regarding combination models, some changes were observed in the statistical significance of landscape metric coefficients. While the coefficients of PLAND and FRAC still showed statistical significance, the AI was no longer significant in combination models. The magnitudes of coefficients were also changed, though their signs were stable.
Discussion
The objective of this study was to investigate the relationship between night-time lights, population, and urban development patterns. Night-time light data were used as a proxy for measuring the level of economic activity within the cities. Population and landscape metrics were used to quantify the city size and its development patterns, respectively. Since each dataset had a different data format and spatial attributes, a new protocol was developed to integrate all data into a master dataset. A grid cell was created as a common spatial analysis unit. Corresponding night-time light, weighted population size, and landscape metric values were computed based on each grid cell. Four single landscape metric models and five combination models were run using night-time light as an outcome variable. Population size and landscape metrics were used as predictors in statistical models.
Night-time light data capture the level of human activity in spatial and temporal dimensions [46] and are widely used as a proxy for socioeconomic indicators [47, 48] . Although there are many objects generating night-time lights, two major sources have been identified in the literature: fixed lights (e.g., buildings and streetlights), and moving lights (e.g., transportation). Although some studies found that the night-time lights are generated from public services [49] , the positive relationship between the intensity of night-time light and economic activity has been found in empirical studies [3, [17] [18] [19] 22] . In this study, night-time light was also used as a proxy for economic activity on finer-grained locations detected by the protocol.
The urban economy generally grows along with population [24, 50] . The relationship between economic growth and population size has been investigated using the scaling law in past studies. Specifically, increasing returns to scale between urban economy and population size have been observed [24, 50, 51] . In this study, however, all empirical models showed that the coefficient of the population is between 0 and 1. Although there was a positive relationship between the two variables, the diminishing returns to scale was identified in all models. This is mainly because we conducted multivariate analyses by introducing landscape metrics in the model to estimate night-time light. In previous studies, univariate analyses were conducted by including only the population variable. The population variable was capturing the effect of urban development patterns on the night-time light. Since urban development patterns are directly related to human activities (e.g., aggregation of developed land is a result of a geographical decision for achieving economic efficiency), they should be considered as an independent variable. Another reason is the spatial unit of analysis used in this study. In previous studies, night-time lights were estimated at the national [18, 52] or sub-national level [53, 54] . The relationship between the economic activity and night-time light on small geographical locations has not been investigated enough in the literature [49] . The results from this study suggest that the night-time light data needs more tests at finer-grained spatial resolutions.
The expansion of the built environment significantly changes the landscape during the urbanization process [48] . The landscape metrics used in this study captured urban development patterns resulting from human activities. Four landscape metrics (PLAND, AI, FRAC, and SHDI) were used to quantify the composition and configuration of developed areas in micro-regions (i.e., grid cells). First, PLAND and AI showed positive relationships with night-time light. Since urbanized areas include more buildings and streetlights to support traffic flow, the results are reasonable. Secondly, FRAC, which represents the level of irregularity of developed areas, showed a positive relationship with night-time light. Since irregularly distributed developed areas generate more vehicle trips and require more streetlights to cover the same spatial extent, the results are also reasonable. Thirdly, SHDI, which estimates the effect of land cover diversity on night-time light, generally has high values along the principal arterials where vehicle trips are observed more. Lastly, the strong correlation observed between PLAND and FRAC suggests that developed areas in South Korea are highly irregular. This pattern is likely due to the difficulty in creating regular development patterns when mountains and streams are the dominant geographical characteristics in Korea.
The protocol and models developed in this study have several benefits. First, a standardized high-resolution unit of analysis was created for use in statistical models. The spatial units of analyses used in previous studies [22, 55, 56] were inconsistent, which made it difficult to compare empirical studies. With the systematic and replicable protocol developed in this study, other researchers can compare the results across countries and regions, which might help to draw more general conclusions. Secondly, urban development patterns were measured by introducing four landscape metrics. In previous studies, population size and density were used as the main proxies for urban development characteristics [57] . Since these measures only represent the magnitude of urban growth, they cannot capture other characteristics of urbanization such as the regularity and diversity of the land. Landscape metrics used in this study captured both the composition and configuration of urban development, which might improve the estimates of empirical models. Thirdly, since the grid cell may not capture the neighborhood-scale characteristics well enough, we applied moving window techniques. A moving window of defined size and shape was moved over the land cover data, and all data located within the moving window were statistically summarized on a centroid of the window. This approach is especially useful when the environmental features are disproportionally distributed. Lastly, multivariate mixed-effects models were applied to consider the contextual effects of provinces. Jurisdiction-level correlation and variation were controlled by this method.
The study has limitations. First, the land cover data close to the border of North Korea were not publicly accessible because of national security issues. Landscape metrics were also missing for some areas near the border cities, especially for northwest Seoul and northeast Gyeonggi province. Acquiring the land cover data for these areas will improve the reliability of the modeling results. Also, removing observations on water surfaces (4% of the land) may produce a better outcome. Secondly, although the night-time light data have a strength in capturing the economic activity on fine-grained locations, the values of the data (ranging from 1 to 63) might not be enough for representing the level of urbanization. The night-time light data values were often saturated in urban core areas, where most industry and other human activity is concentrated. Further investigation is required to test the applicability of the data, especially for the center of city areas. Lastly, other landscape metrics and moving window search radii should be tested in further studies to better capture urban development patterns.
Conclusions
The use of satellite measured artificial light data has the potential to change the research methods in geography and urban planning. The data can be used to measure socioeconomic characteristics of small regions and neighborhoods, which was not easy with administrative boundary-based data. The data can be also useful when comparing characteristics of metropolitan areas situated on different continents. Consistent measures and methods used in the data will make geographically distant regions comparable. Furthermore, the emergence of global socioeconomic datasets will broaden the applicability of the data.
Night-time light, population, and landscape metrics have been used in many studies. The protocol developed in this study connects these indicators to investigate the urban scaling relationship. It provides an effective way to create analytical units for integrating heterogenous forms of data. Creating standardized units of analyses will make it possible for researchers to compare their results with other studies. Any additional vector or raster data can be coalesced into this protocol for further investigation.
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